ABSTRACT: The blackening of tissues or mucus of benthic animals from sulphidic environments is a remarkable phenomenon whose ecological interpretation is disputed. In the Baltic clam Macoma balthica the mantle edge turned black after sulphide exposure owing to numerous precipitates in the extracellular matrix underneath the epidermal cells. In the apical parts of these cells, similar precipitates were found, albeit in lower abundance. Elemental analyses showed that copper (214.7 pg g-' ww [wet weight]) and sulphur (1328.6 pg g.' ww) were the main components, with iron (311.2 pg g-' ww) and zinc (112.7 pg g-' \W) in lower concentration. Apparently, these precipitates become phagocytosed by amoebocytes and concentrated in haemocytic granules. This is interpreted as a pathway of removal from the mantle edge. On the basis of calculated diffusion rates (DHS-= 1.9 X cm2 S-'). there is a sulphide influx of 61 nmol h-' into the body of M. balthica. Even under conservative assumptions, this would lead to the binding of all the copper present in about 30 min. It is concluded that the process of sulphide precipitation can represent a temporarily effective pathway attenuating sulphide toxification.
INTRODUCTION
Various marine species can survive hydrogen sulphide concentrations which are toxic to the vast majority of higher animals (National Research Council 1979) . These species have developed several pathways to reduce sulphide concentrations in their tissues and/or use anaerobic pathways substituting the sulphide-blocked aerobic respiration chain (Theede et al. 1969, Theede A remarkable phenomenon in some of these species is the formation of sulphide precipitates, leading to the blackening of tissues or extracellular material. In oligochaetes (Giere et al. 1988 , Dubilier et al. 1995 , nematodes (NUR 1984 , Nu6 & Trimkowski 1984 , Nicholas et al. 1987 , Thiermann et al. 1994 , molluscs (Levitt & Arp 1991 , Oeschger & Pedersen 1994 , priapulids (Oeschger & Janssen 1991 , Janssen & Oeschger 1992 and echinoderms (Buchanan et al. 1980) , these precipitates can be found in extracellular mucus, the epidermis or the intestinal wall. In most cases, iron was detected as the main metallic constituent.
It has been speculated that these precipitates or the blackening of tissues represent a detoxification mechanism of sulphide (Buchanan et a1 1980 , Oeschger & Janssen 1991 , Vismann 1991 , Oeschger & Pedersen 1994 . Formation of non-toxic stable sulphur-metal compounds had been supposed to be a means of de-toxification of hydrogen sulphide. Metal precipitates would act as a temporary 'sulphide-trap' at the animalenvironment interface, keeping sulphide concentrations in the internal tissues low. However, calculations of sulphide influx rates rendered the efficiency of this reaction as a detoxification mechanism doubtful (Powell 1989 , Dubilier et al. 1995 . Furthermore, an effective export mechanism of the precipitates, indispensable to the prevention of a n overload of precipitates in the tissues (Powell 1989 , Somero et al. 1989 , has not been found. Therefore, the significance of the sulphide-induced blackening still remains unclear.
We studied this phenomenon in the Baltic clam Macoma balthica L., in which the mantle edge turns black after sulphide exposure (Windoffer & Jahn 1994 . This bivalve, a characteristic species of the Baltic Sea, is abundant in marine and estuarine soft bottom habitats of the northern hemisphere (Beukema & Meehan 1985 , Meehan 1985 , Vain018 & Varvio 1989 , Giinther 1991 , Bonsdorff et al. 1995 . Living at a sediment depth of 3 to 8 cm, where anoxic conditions frequently occur, the clams often become exposed to high concentrations of hydrogen sulphide. Physiological investigations have shown that M. balthica is well adapted to sulphidic conditions (Theede et al. 1995 . Clams from sulphidic habitats survived for weeks when experimentally exposed to 100 pm01 1-I sulphide under oxic conditions, and for several days under hypoxic conditions. They were able to keep the sulphide concentration in their tissues low by oxidation of penetrated sulphide to non-toxic compounds such as thiosulphate, elemental sulphur or sulphite. When exposed to low sulphide concentrations, this might suffice to prevent the inhibition of cytochrome-c-oxidase .
In this study, we analyse the ultrastructure of specimens taken from sulphidic Baltic Sea habitats or from experimental sulphide incubations in order to investigate morphological aspects and the chemical nature of the precipitates. In addition, we discuss the significance of the blackening and the diffusive processes relevant for sulphide detoxification.
MATERIALS AND METHODS

Oxic and sulphidic incubations. Specimens of adult
Macoma balthica, about 20 mm in length, were collected from sulphidic sedirnents off the Island of Hiddensee (Baltic Sea), at a water depth of about 0.5 m. Here, concentrations of sulphide in the pore water of the sediment reach up to 500 pm01 1-' . The specimens were kept for 8 wk in 2 aquaria (20 l), filled with oxic sand or the original sulphidic mud from the habitat. In the oxic aquarium, the sand was covered with 0.5 cm of sediment from the original habitat to supply the clams with detrital food. The water in both aquaria was continuously aerated with an air pump. Weekly measurements of hydrogen sulphide (according to Gilboa-Garber 1971) proved the absence of sulphide in the oxic aquarium, whereas in the sulphidic aquarium sulphide concentrations were 100 to 200 pm01 I-'. (The term 'sulphide' in this study refers to total sulphide: undissociated H2S, dissociated Electron microscopy and qualitative elemental analysis. Specimens of Macoma balthica were collected from sulphidic sediments in the field (location described above). The clams were dissected in fixative, and small tissue blocks of the mantle edge excised. The tissues were fixed in modified Trump's fixative (McDowell 1978 : 4 % paraformaldehyde, 3 % glutardialdehyde and 5% sucrose in 0.1 M cacodylate buffer). After 24 h, the samples were washed in cacodylate buffer containing 5 % sucrose. Tissue blocks were postfixed in 1 % OsO, (in 0.1 M cacodylate buffer with 5 % sucrose) for 1 h, dehydrated in acetone, and Spurr embedded.
In order to reduce the effect of elemental dislocation caused by dehydration, the mantle edge of one specimen was embedded in Nanoplast (Frosch & Westphal 1989) , which avoids complete dehydration of tissues. Tissue samples were fixed in Trump's fixative and then transferred to Nanoplast. Polymerisation was obtained during 6 d at gradually increased temperatures up to 60°C.
For conventional transmission electron microscopy (Zeiss EM902), ultrathin sections (70 nm) were stained with uranyl acetate and lead citrate.
For electron energy-loss spectroscopy (EELS) studies, unstained ultrathin sections (30 to 50 nm) were used (Egerton 1986 ). Spectra were recorded in the spectrum mode of the electron microscope using an objective aperture of 90 pm, a spectrometer aperture of 100 pm, and a magnification of 8 5 0 0 0~ or 1 4 0 0 0 0~. The curves were computer-analysed using the software package Analysis 3 . 0~. Spectra were analysed according to Ahn & Krivanek (1983) . Positive signals appear in the spectra as peaks (Fe, partim) or shoulders (S, Cu, Zn). EELS allows for investigation of the elemental composition in single precipitates found in biological tissues. However, it does not represent a quantitative method. Hence, spectra of 'background tissues' have to be compared with spectra from the precipitates to recognise m~sleading slgnals such as resin or grid material.
Quantitative elemental analysis. Specimens of Macoma balthica were dissected and different tissues excised for the following analyses: 3 animals each were taken (1) from sulphidic sediments in the field, and from aquaria (see above) kept for 8 wk under (2) oxic and (3) sulphidic conditions. Tissues of 3 individuals each from field and laboratory material were treated with 4 m1 HNOB (Suprapur; Merck) for digestion at 130°C under pressure (Wiirfels &Jack-, werth 1985) . Each solution was reduced to 1 m1 by evaporation at llO°C and finally topped up with distilled water to 20 ml. The sulphur concentration in this solution , was measured by inductivity-coupled-plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer Plasma 11). For calibration, oyster tissue SRM 1566 and a diluted standard solution were used. The recorded values of those elements relevant to this study (bold in Table 1 ) are far beyond the limits of detection.
RESULTS
Structural analysis of the dark precipitates
In freshly collected specimens of Macoma balthica from sulphidic sediments, the mantle *-edge was distinctly black. The same was found in specimens kept in the laboratory for 8 wk in sulphidic sediment (Fig. 1A) . This coloration flanked the mantle edge as a dark stripe (Figs. 1B & 3A) which extended in diameter from the sensory lobe to the periostracum groove (Fig. 2) . In the anterior part of the animal, the stripe was very dark; towards its end in the median part its intensity decreased continuously. Whole-mount preparations of the mantle edge showed that the C dark layer consisted of fine precipitates in the matrix of the epidermal cells and larger gran- diameter from 50 to 250 nm and a spherical to Scale bar = 0.25 cm irregular shape. In deeply blackened specimens the 70 nm ultrathin section contained up to 100 precipitates pm-2. Most precipitates occurred are considered here to be haemocytes (Figs. 3C & throughout the basal matrix directly underneath the 4A-D, see Cheng 1981) . Their cell body had a maxiepidermal cells. In lower abundance, precipitates were mum diameter of 10 pm and their extensions could also found in the extracellular matrix between the reach more than 20 pm in length. These haemocytes peripheral muscle cells of the mantle edge (Fig. 3C) .
were regularly found in the extracellular matrix Amoeboid cells, characterised by a cytoplasm rich in underneath the epidermis and between the muscles vacuoles and by several slender branched extensions, (Fig. 3C ). In lower numbers they were also encountered the entire mantle region. They often ntained large electron-dark granules th a diameter of about 10 pm. These nules obviously represented aggluations of the extracellular precipi-
The cytoplasm of the haemoes was regularly filled with small ocytotic vesicles (Fig. 4C ,D), conning inclusions identical to the extralular precipitates. Inside the haemootic cytoplasm these precipitates eloped into granules by successive umulation ( Fig. 5A -C). Eventually a gle haemocyte could store up to 10 nules. nother site in the mantle edge harring dark precipitates was small uoles in the apical parts of the er epidermal cells. Too small in size number to yield a visible colora-, these precipitates could only be n under the electron microscope g. 6A,B).
Qualitative elemental analysis xtracellular matrix -precipitates ELS analysis showed that the black cipitates in the extracellular matrix pecimens taken from natural sulic sediments had sulphur (Fig. ?A) copper (Fig. 7B) as main compots. A peak for iron was not found, was the presence of Zn indicated shoulder. Some calcium seemed lso be present, but could hardly be tified against the well-developed ope (not shown here). while chlorine and phosphorus did not exceed the background level.
Haemocytes
The aggregated granules in the haemocytes, although all of identical structure, seemed to form 2 different chemical types. While all contained sulphur (Fig. 8A,D) , in some of them (Fig. 8A-C) only copper (Fig. 8C ) was detectable as a shoulder and a peak, while iron as well as zinc did not show a signal (Fig. 8B , absence of iron; Fig. 8C , no separate shoulder for Zn). In contrast, other haemocytic granules (Fig. 8D-F ) contained iron (Fig. 8E ), but no copper and insignificant zinc (Fig. 8F ).
Precipitates in vacuoles of apical epidermal cells
These granules showed great variability in their elemental components (Fig. g ), but in all of them sulphur and copper were clearly detectable (Fig. 9A ,C-E) while iron was never indicated (Fig. 9B) . While zinc was clearly detectable in some of them (Fig. 9E) , others had only a weak zinc shoulder (Fig. 9C) . In some precipitates from other vacuoles (spectrogram not shown here), none of these elements was detected.
Quantitative elemental analysis gested that quantitative measurements of the element concentrations using ICP-AES would be appropriate. The foot and mantle edge tissues of clams, Extracellular matrix-area without precipitates taken directly from sulphidic sediments in the field, showed marked differences in their elemental content In the direct vicinity of the granules and precipitates, (Table 1 ). In the mantle edge, the concentration of the extracellular matrix (and the cytoplasm) was taken metals such as copper was clearly higher than in the as control and comparative background. No clear sigfoot (35-fold), so was iron (12-fold) and zinc (4-fold). nals of the above-mentioned spectra were recorded
The sulphur concentration in the mantle edge was (Fig. 7C,D) , indicating the absence of sulphur, iron and about 1.3-fold higher than in the foot. copper accumulations. Only zinc seemed to be present
The same method applied to experimentally sul-(slight elevation of the curve above the baseline in phide-incubated specimens recorded similar differ- Fig. 7D ). Nitrogen and oxygen gave only weak signals, ences between the mantle edge and the foot, with angle of A = 0. l cm X 1.5 cm = 0.15 cm2.
For the next calculation step we used the apparent diffusion coefficient D for Quantitative calculation of sulphide precipitation Calculations of the binding capacity of copper ions for sulphide in Macoma balthica were made in order to examine the relevance of hydrogen sulphide detoxification by precipitation. After sulphidic incubation of specimens, the concentration of copper in the mantle edge (420 pg g-' ww [wet weight]) was almost 200 pg g-' w w higher than in clams from oxic incubation (230 pg g-l ww, Fig. 10 ). Under the same incubation conditions, copper values of the mantle edge, compared with those of the foot, showed an even greater difference (>400 pg g-' ww). In specimens taken directly from sulphidic natural habitats, the difference between foot and mantle edge tissue was still about clearly higher concentrations of copper and iron, and, 200 pg g-' ww of copper, although the absolute conto a lesser degree, of sulphur (Fig. 10) . Gills, digestive centrations were generally lower (Table l ) . gland and siphon tissue had far lower metal concentraIn the following calculation we assume a copper contions but a similarly high sulphur content.
centration of 200 pg g-' ww as the amount of copper in the mantle edge available for binding sulphur. In adult specimens, a typical mantle edge of 10 mg ww would then contain 2 pg, or 32 nmol of copper. Assuming a Cu:S binding ratio of 1:1, which under physiological conditions is a most conservative estimate (see 'Discussion'), this amount is capable of binding 32 nmol of sulphide. Using Fick's first law . we calculated the amount of sulphide (An), which enters the mantle edge in a given time (At) and becomes precipitated at an assumed depth of A x = 20 pm underneath the epidermal surface. When the shells are opened, the surface of the -C' paired mantle edge exposed to the sediment is assumed to be roughly a rect-phide influx will then be 9 X 10-l2 m01 S-' or 32 nmol h-'. This means that the precipitation capacity of copper will be exhausted after about 1 h. D takes into account protection strategies of the clam such as temporary shell closure (Jahn et al. 1996 . Therefore, the sulphide diffusion rate calculated above is probably a conservative value. According to Powe11 (1989) , the diffusion coefficient for undissociated H2S in water is about 5 X 10-6 cm2 S-'. Considering the dissociation of H+, the amount of sulphide entering the body is described according to Fick's first law as: centrations of H2S ( c~,~) and HS-(cHs-) can be calculated acEording to Goldtotal sulphide of 1.2 X 1 0 -~ cm2 S-' which had been haber & Kaplan (1975) from the relationship between assessed for A4acorna balthica from Hiddensee (Jahn & the proton concentration CH+ and the total sulphide conTheede 1997). Given a sulphide gradient between the centration c~ using the first dissociation constant K, medium and the tissues of Ac = 100 pm01 1-', the sul-(= 8.9 X 10-8 m01 1-' at 10°C and a salinity of 9%): (A-C) EELS spectra from typical condensed granulum in haemocyte. Shoulder of sulphur (A) and peak of copper ( C ) are clearly detectable: peaks of iron (B) and zinc (C) are not discernible from background. (D-F) EELS spectra from other condensed granulum in haemocyte different from that depicted in A-C. High peak of iron (E) and peak of sulphur (D) can be seen; copper and zinc (F) are not detectable Inserting these values into could be shown by light and electron microscopical observations. EELS recorded accumulations of copper, iron, zinc and sulphur in these granular precipitates. In most cases, these represented clearly elevated metal concentrations in comparison to the background data from surrounding tissues. Also, ICP-AES from specimens collected in the field and in sulphide-treated tanks measured elevated, rather variable concentrations of copper, iron, zinc, and sulphur in the mantle edge, but not in the foot tissue, where precipitates were absent (Table 1, Fig. 10 ). These data not only underline a differentiated accumulation of metals in the various organs, they also indicate the variability of metal accumulation, especially of copper, in the mantle edge of M. balthica as stated by Cain P1 Luoma (1986) and Bordin et al. (1992) . anan et al. 1980 ) and interpreted as a means to immoTheir coinciding presence in the granules suggests, bilise and detoxify sulphide which was produced by however, that copper and sulphur might occur either in gut bacteria. Also, the intramuscular electron-dark an inorganic form (e.g. CuS or Cu2S) or bound to an inclusions in Tobrilus gracilis (Nen~atoda) were beorganic matrix. The 1:l binding ratio assumed above lieved to participate in sulphide detoxification (NuB would be clearly smaller if sulphide was bound as cop-1984 , NUR & Trimkowski 1984 . In a detailed comparaper polysulphides. This would result in a markedly tive study of specimens from oxic and sulphidic sedilonger period of effective protection against the penements, however, these inclusions occurred also in trating toxic sulphide. Therefore, the value of 30 min specimens under merely oxic conditions (0. Giere ungiven above is rather conservative. publ. data), which would question their nature as sulUnlike the situation for copper, iron precipitates phide detoxicants. Iron-and sulphur-containing granwere not formed and stored in the matrix, but in the ules have been described in the gut of the nematode region: sulphur
Su.3
reglon: copper & zlnc phases with the absence of hydrogen sulphide. In the Baltic Sea, frequent and irregular changes of oxic and sulphidic conditions are a characteristic feature (Revsbech F ,~. 9. M~~~~~ balthet al. 1983 , Vopel et al. 1996 .
ica. E E L S spectra from
The position of the precipitates Oncholaimus campylocercoides from shallow-water hydrothermal vents (Thiermann et al. 1994 ) and in various nematodes from sulphidic mud (Nicholas et al. 1987 ). In 0. campylocercoides, Thiermann (1998) could even experimentally induce the reversible formation of the inclusions after sulphide exposure. Levitt & Arp (1991) investigated the sulphide tolerance in 2 Macorna species from Monterey Bay, California. The periostracum of the more sulphide-tolerant species, M. nasuta, as well as that of the local Pacific M. balthica population showed, after sulphidic incubation, a dark coloration which was acid-soluble and disappeared after a few hours of oxic exposure. This blackening was based on an extracellular pigmentation and thus was different from that shown here for the Baltic Sea population of M. balthica, where the precipitates were intracellular. The dark coloration reported by Levitt & Arp (1991) in the mantle edge of M. nasuta seems comparable to that of M. balthica from the Baltic Sea, but was not discussed further. Likewise, in the clam Scrobiculana plana, a dark coloration of the mantle edge was found after sulphide exposure (Oeschger & Pedersen 1994) .
In most of these reports on sulphide precipitates, a relevance for sulphide detoxification has been assumed without further scrutiny. However, Powell (1989) (Dubilier et al. 1997 ). Combining the histological and chemical results with the calculations on sulphide diffusion one can realistically assess the ecological situation of Macoma balthica in its sulphidic environment. These considerations on the protective effectivity of copper are based on 2 realistic assumptions: (1) in nature the increase in sulphide concentrations should proceed slowly (within several hours) since the onset of sulphidic conditions will be retained by the gradual consumption of oxy-gen and oxidized compounds (Vopel et al. 1996) ; and (2) the clams react to sulphide exposure by reducing the opening width of the clam shell or even closing their shells completely, which would reduce the diffuslon rate of hydrogen sulphide.
Under the initial low-sulphide conditions (e.g. a concentration of 10 pm01 I-') the copper present in the mantle edge would suffice to protect Macoma balthica from sulphide poisoning for up to 10 h by binding free hydrogen sulphide as copper sulphides. This period could be used to activate effective physiological detoxification mechanisms such as oxidation to non-toxic thiosulphate .
On the other hand, there are factors which might reduce the capacity of sulphide detoxification by copper. Copper ions are mainly restricted to the mantle edge, and there is no well-developed vascular system which could steadily provide this region with a sufficient supply of free copper. This would explain the slow appearance of the blackening copper precipitates (within days) under sulphidic conditions and its even slower disappearance (about 2 mo) when returning to oxic conditions. Hence, the turnover rate of the precipitates appears to be low.
If precipitation by metal ions should represent a sustainable detoxification mechanism, the granules have to be continuously removed to prevent an overload in the tissues (Powell 1989 , Somero et al. 1989 . In Macoma balthica, the abundance of haemocytes in the blackened mantle edge can serve as an indication for an export mechanism of precipitates. The precipitates would become endocytosed by haemocytes and, after concentration in granules, exported out of the body. One common export pathway of granules in bivalves is vla the hepatopancreas and the alimentary tract (Stauber 1950 , George et al. 1978 ; another frequently used mechanism, excreting particularly copper precipitates, is via the kidney (Robinson et al. 1985) .
We conclude that under low-sulphide conditions, frequently occurring in the shallow reaches of the Baltic shores, for Macorna balthica precipitation of free sulphide by metals (copper) might be an effective, though temporary, pathway of sulphide detoxification. In combination with other, physiological and ecological, detoxification mechanisms , this could explain the survival of the M. balthica populat i o n~, at least of the larger-sized adults, under hydrogen sulphide conditions.
